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The downscaling of silicon-based structures and
proto-devices has now reached the single atom
scale, representing an important milestone for
the development of a silicon-based quantum com-
puter [1–4]. One especially notable platform for
atomic scale device fabrication is the so-called
Si:P δ-layer, consisting of an ultra dense and
sharp layer of dopants within a semiconductor
host. Whilst several alternatives exist, phospho-
rus dopants in silicon have drawn the most inter-
est, and it is on this platform that many quan-
tum proto-devices have been successfully demon-
strated [5–8]. Motivated by this, both calcula-
tions and experiments have been dedicated to
understanding the electronic structure of the
Si:P δ-layer platform [9–16]. In this work, we
use high resolution angle-resolved photoemission
spectroscopy (ARPES) to reveal the structure of
the electronic states which exist because of the
high dopant density of the Si:P δ-layer. In con-
trast to published theoretical work, we resolve
three distinct bands, the most occupied of which
shows a large anisotropy and significant deviation
from simple parabolic behaviour. We investigate
the possible origins of this fine structure, and con-
clude that it is primarily a consequence of the di-
electric constant being large (ca. double that of
bulk Si) [17]. Incorporating this factor into tight
binding calculations leads to a major revision of
band structure; specifically, the existence of a
third band, the separation of the bands, and the
departure from purely parabolic behaviour. This
new understanding of the bandstructure has im-
portant implications for quantum proto-devices
which are built on the Si:P δ-layer platform.
Si:P δ-doping offers potential for the realization of true
atomic-scale components for quantum computer applica-
tions, whilst retaining compatibility with the simple pro-
cessing, stability and technological relevance of silicon.
Understanding, manipulating and controlling the prop-
erties of Si:P δ-layers, has therefore been the centre of
an intense research effort, however, a real understanding
of the electronic structure has remained elusive. Den-
sity functional theory (DFT) calculations and ARPES
recently shed new light on these systems, giving the first
glimpse of their electronic structure [9, 12, 13, 18]: the
metallic nature of Si:P δ-layers was believed to originate
from two nearly-parabolic states, called 1Γ and 2Γ, dis-
persing across the Fermi level (EF ) as a consequence
of the strong electronic confinement created by the P
dopants in the semiconducting Si bulk (see Fig. 1(a)).
The energy separation of these states, which is called
valley-splitting [14], together with their many-body in-
teractions [15] is responsible for transport properties in
this material system and ultimately the function of Si:P
δ-layer based quantum electronic devices.
In this work, we show that important details of the
electronic bandstructure were previously reported incor-
rectly. We reveal the presence of additional anisotropic
electronic states crossing EF , resolved only for specific
directions in the BZ (see Fig. 1(b)-(d)). Whilst in the
diagonal direction (kxy) only two electronic states can be
seen, along the axial directions (kx and ky), a clear 3-
band structure is resolved which has not been predicted.
The original 1Γ appears to actually consist of two sub-
bands, indicated by the red and yellow parabolae in Fig.
1(d). The presence of three states across EF cannot be
reconciled with published DFT [9, 11, 12]. and tight-
binding (TB) calculations [10]. This discrepancy is also
seen in our TB calculations (Fig. 1(e) plus details in the
Methods section [19]), where only two bands, instead of
three, are responsible for the metallic properties of the
system. This opens an interesting question about the
origin of the sub-band structure resolved by ARPES, as
all the states which contribute to this sub-band structure
are expected to contribute to the transport properties of
Si:P δ-layers.
We examine some ingredients which have previously
been ignored, such as spin orbit coupling (SOC), the role
of the dielectric constant, , and an asymmetric doping
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FIG. 1. Si:P δ-layers, ARPES measurements and the sub-band structure. (a) Schematic of the δ-layer sample and
the symmetric doping potential centred around the position of the P dopant plane. The strong potential created by the P
atoms confines the conduction band, developing a 2D electronic structure which has been understood to be comprised of two
states, labeled 1Γ (red) and 2Γ (blue). (b) The Brillouin Zone (BZ) of silicon showing the directions relevant for this work.
The blue dashed lines show the 2D BZ, and the pink shading and lines shows a 2D slice through the 3D BZ of silicon at the
relevant value of kz for this work (darkest: 1st bulk BZ). The high symmetry directions kx, ky (red axes) and kxy (black axis)
are also indicated. (c) ARPES acquisition along the kxy direction showing only two states. A momentum distribution curve
(MDC) at the Fermi level (EF ) shows no presence of additional states. (d) ARPES measurement along the kx (or ky) direction
showing the existence of three states, (marked with blue, red and yellow lines to serve as a guide for the eye). (e) Tight-binding
calculations (following Ref. 10) showing the 1Γ and 2Γ states dispersing across EF (with EF adjusted such that the minimum
of the dispersion matches with the data in panels (c) and (d)) along the kxy and kx (or ky) directions (blue and green markers
respectively). As discussed in the main text, the agreement between the TB calculation and the ARPES data in panels (c) and
(d) is unsatisfactory.
profile, to explain the origin of this sub-band structure.
We show that  is dramatically increased in the vicinity
of the high density dopant layer, and that this causes
additional states originally predicted to be well above
EF (as in Fig. 1(e)) to become occupied.
Before further discussing the origin of the fine structure
of Si:P δ-layers, we first present a qualitative discussion
of the electronic structure and the parameters to which
it is sensitive. First of all, the available calculations have
predicted two nearly parabolic bands with a valley split-
ting of ≈30 meV [9–12]. It is worth noting that this value
is somewhat controversial, and depends on a number of
parameters within the model, such as the order/disorder
of the dopants [11]. Our measurements reveal the pres-
ence of three bands, of which the most occupied bands
have a valley splitting which is too small to resolve exper-
imentally (i.e. < 35 meV). In other words, the observed
valley splitting is either small, or zero. Furthermore, in
the axial kx and ky directions, the dispersion of the most
occupied band deviates significantly from parabolic be-
haviour, whereas in the diagonal direction (labelled kxy)
the dispersion of these bands is very close to parabolic,
and they appear to either be degenerate, or to have a very
small separation. The state with its minimum closest to
the Fermi level (i.e. the blue parabola in Fig. 1(c,d)) is
separated from the other bands by ≈220 meV, which is
very large compared to our TB calculated valley splitting.
In other words, it is unclear which of the three bands (if
any) correspond to the calculated 1Γ and 2Γ. It is es-
pecially unclear whether the additional band is split off
from 1Γ, or whether it actually corresponds to the calcu-
lated 2Γ (thereby implying that the least occupied band
actually has another origin). In any case, it is clear that
the calculated bandstructure deviates significantly from
the experimentally observed bandstructure.
In principle, symmetry breaking in one form or another
could give rise to additional bands. More specifically, the
in-plane dopant order/disorder is not well known in prac-
tice, but is thought to influence the electronic structure
[18]. In any case, whilst the electronic structure is clearly
influenced by the symmetry and ordering of the dopants,
this is not able to account for the observed bandstructure
30
0.1
-0.1
k y 
(Å
-1
)
(a) Min Max
kxy
EF
0.1
0.2
0.3
E B
 (e
V)
< 1/4 ML
0
0.1
-0.1
k y 
(Å
-1
)
(b)
EF
0.1
0.2
0.3
E B
 (e
V)
kx (Å-1)
-0.1 0 0.1
0
0.1
-0.1
k y 
(Å
-1
)
(c)
kxy (Å-1)
-0.1 0 0.1
EF
0.1
0.2
0.3
E B
 (e
V)
ky (Å-1)
-0.1 0 0.1
Si/P thick layer
> 1/4 ML
FIG. 2. Ubiquity of the sub-band structure in differently grown doping profiles. Fermi surface and electronic
structures along the kxy and ky directions for a Si:P δ-layer grown with a P concentration (a) slightly less than 1/4 monolayer
(ML), (b) more than 1/4 ML and (c) by depositing P and Si together such to form a thicker layer (≈ 1.5 nm) with a similar
(≈ 25%) doping concentration. Blue, red and yellow lines to serve as a guide for the eye.
[19].
This notion that dopant ordering is not a significant
factor is supported empirically: We have prepared three
different δ-layer samples, in which the dopant ordering
is dissimilar, however the electronic structure remains
very similar. The spectra in Fig. 2(a) correspond to a
‘standard’ single-dose Si:P δ-layer with <1/4 of a mono-
layer (ML) of P dopants in an almost atomically sharp
plane. Fig. 2(b) corresponds to a similarly sharp ‘double
dose’ with dopant density >1/4 ML and increased dis-
order [20]. Fig. 2(c) corresponds to a ‘thick’ (1.5 nm)
region with a similar (i.e. ≈25%) doping concentration
(see Supplementary Material for further details [19]).
The measured band structure is very similar for all
three preparations: The electronic structures of Fig. 2
map onto each other very well, needing only a small shift
of the bands, to account for the different degrees of dop-
ing. Perhaps the most significant difference is that the
least occupied band is shifted above the Fermi level when
the doping density is lowest. The similarity of the band-
structure for these three different growth methods indi-
cates that dopant ordering cannot be responsible for the
mysterious 3rd band.
Symmetry breaking (specifically, the breaking of in-
plane inversion symmetry by the dopants in the δ-layer)
together with spin-orbit coupling (SOC) will lift degener-
acy and thus give rise to bands which are non-degenerate
with respect to their spin [21, 22]. This could lead to
1Γ having two branches, with no splitting at k‖ = 0,
anisotropic splitting at larger k‖, and a bandstructure
which qualitatively matches the ARPES measurements.
However, the expected energy splitting due to SOC is
about 120× smaller than the observed energy separation
of the two most occupied bands [19, 23, 24]. We there-
fore discount SOC as a possible origin of the observed
bandstructure.
The modification of  in the vicinity of the δ-layer is
surprisingly important and can significantly influence the
electronic structure. For the moderate doping densities
found in semiconducting Si wafers,  is typically consid-
ered to be independent of dopant concentration, but for
the extreme doping around the δ-layer, this view is no
longer valid [17].
For degenerately doped semiconductors, as the dopant
density is increased, a subsequent increase in the suscep-
tibility of the material, and thus in its dielectric constant,
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FIG. 3. Role of the relative dielectric constant in the calculated bandstructure. (a) Energy levels of 1Γ (red), 2Γ
(blue) and 3Γ (black) as a function of dielectric constant. By increasing , keeping all other factors constant, the energy 1Γ-2Γ
remains approximately constant. However, the separation 1Γ-3Γ significantly shrinks and the 3Γ state starts to cross EF .
 ≈ 20 gives the best agreement with experimental data. (b)-(f) The k resolved TB calculations are shown for the axial kx and
ky direction (green ◦) and for the diagonal kxy direction (blue ◦) for; (b)  = 11.9, (i.e. for weakly doped Si, and consistent
with previous calculations), (c)  = 14, (d)  = 20, (d)  = 40 and (d)  = 60.
can be expected [25–27]. Following the method of Ristic´
et al. [17], it is possible to estimate  as a function of
dopant density (ND, in units of cm
−3), for phosphorous
dopants in Si:
(ND) = intrinsic +
1.6× 10−19ND
1 + 1.2× 10−21ND (1)
For the case of Si:P δ-layers, the 2D doping concen-
tration is known to be close to 1/4 ML. Whilst there
is some uncertainty involved in converting the 2D con-
centration to a 3D concentration, this problem has been
addressed previously (see, for example Refs. 20, 28, and
29). Previous works suggest that in the vicinity of the δ-
layer ND is 2×1020 cm−3 [20, 29], and our own previous
work [28] suggests that whilst the peak concentration is
≈ 6×1020 cm−3, we agree that the average concentration
within 2-4 nm of the layer is ≈ 2×1020 cm−3. Using Eqn.
1, we can therefore estimate that for ND = 2×1020 cm−3,
 ≈ 38, however at the peak of ND ≈ 6 × 1020 cm−3 it
is conceivable that near to the dopant plane,  could be
as high as 70. In any case, it is clear that the dielectric
constant maybe be several times higher than the value
for weakly doped bulk Si.
The dependence of the band structure on  can be
understood in terms of screening: If we consider the
δ-layer as a metal sheet sandwiched within a semicon-
ducting host, then the out-of-plane electric field in the
vicinity of the dopant plane will depend on  because a
larger dielectric constant is associated with more efficient
screening. This means that the quantum well is less con-
fined than previously thought (for example, Ref. 10) and
as a result, the splitting between some of the bands is
reduced. This qualitative understanding is readily con-
firmed by TB calculations (see Fig. 3). Interestingly, by
increasing  the 1Γ−2Γ valley-splitting stays roughly con-
stant. However, an additional parabolic band minimum
(identified from the calculations as 3Γ) is pulled down
towards the Fermi level. For  > 16, 3Γ starts to become
occupied, and TB calculation looks more similar to the
measured bandstructure. As  continues to increase, ad-
ditional parabolic band minima may also be pulled below
the Fermi level, and for  > 40, a 4th state also becomes
partially occupied.
The energy of the 1Γ, 2Γ and 3Γ minima are plotted
in Fig. 3(a). By comparison with our experimental data,
we find best agreement for  ≈ 20: i.e. depending on the
preparation, we generally observe the minimum of the
most occupied state (1Γ) to be at EB ≈ 220 meV, and
the minimum of the least occupied state (now assigned
as 3Γ) to be at EB ≈ 40 meV. We also find good agree-
ment with the TB electronic dispersions of Fig. 3(b)-(d);
The TB calculation indicates that the two most occu-
5pied bands (now assigned as 1Γ and 2Γ) are parabolic,
with a small energy separation (30 meV) at k‖=0 and in
the diagonal kxy direction, but have an increasing non-
parabolic behaviour with increasing k in the axial x and
y directions.
Based on ARPES measurements and TB calculations,
we conclude that the enhancement of  due to the high
dopant density is the origin of the additional electronic
structure, however, some discrepancies with previous
work remain. In previous studies on similar samples [14],
the 1Γ-2Γ valley-splitting was reported to be ≈ 130 meV,
whereas in this work, we conclude that the 1Γ-2Γ split-
ting is <30 meV. Due to the lower sample quality and
data quality in the earlier work, this was unresolvable
and mistaken for a single band, and therefore the pre-
viously reported splitting of 130 meV presumably corre-
sponded instead to the 1Γ (or 2Γ) to 3Γ splitting. On
the other hand, this splitting is still small compared to
the TB calculations and ARPES measurements here in
which the 2Γ-3Γ splitting is ≈200 meV. Whilst it is not
possible to give a definitive explanation for this, we pro-
pose that it is most likely also a consequence of poorer
sample quality; it is known that 1/4 ML dopant activa-
tion is only achievable when the Si surface is pristine, and
that imperfections act to reduce this number. We there-
fore consider that the previously reported 130 meV valley
splitting presumably corresponds to the (1Γ or 2Γ) to 3Γ
splitting of a sample with a lower doping concentration
that used in the current work.
Finally, we reiterate that a revision of the electronic
structure of Si:P is necessary in which three nearly
parabolic bands, 1Γ, 2Γ and 3Γ all cross EF , contrary
to only two bands as previously thought. Jointly, all
three of these bands must be responsible for the trans-
port properties of the system [28, 30] and carrier density.
Importantly, the valley-splitting, i.e. separation between
1Γ and 2Γ seems to be relatively robust against varia-
tions in the sample preparation and can be estimated to
be ≤ 35 meV. This is an important result which also
shows how the properties of a device built upon a Si:P δ-
layer platform are not dramatically affected by changes in
the growth, but instead are reliable due to the robustness
of the valley-splitting. Indeed, since the valley-splitting
in devices built from the Si:P δ-layer platform affects the
lifetime of carriers [31], its correct value and interpreta-
tion is important for quantum device performance. Sim-
ilarly, the presence of a third band crossing EF will have
significant consequences for Si:P δ-layer based quantum
devices, and hence it is important that this is taken into
consideration when developing device structures.
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